Superplastic magnesium alloy sheets were closed-die forged into an experimental part with ribs, which are asymmetrical elements to the plane of the forging. A macroscopic surface defect, which was formed by extrusion-type flow, was observed opposite to the rib during forging under improper lubrication conditions. However, the formation of the defect could be successfully suppressed by changing the frictional conditions of the workpiece/dies interface. Analysis of the rib forging using a finite controlled volume method simulation suggested that the suppression of the extrusion-type defect is associated with a change in velocity field distribution of the deforming material.
Introduction
Environmental issues have led to a trend wherein plastic parts that are employed as structural components are being replaced by parts made of light-weight metallic materials. The reason behind this is that metallic materials are in general readily recyclable. Magnesium alloys are one of the promising replacements for plastics, and the use of magnesium alloys in many components of mobile electronic appliances such as cellular phones and notebook computers is increasing. This is not only due to the low density of magnesium but also its high modulus, heat dissipation, electromagnetic shielding, and ''metallic feel'' that gives a sense of quality.
Plastic forming of magnesium alloys is desirable because it enables high productivity. In particular, plastic forming under superplastic conditions has several advantages over more conventional forming methods, including better formability at lower forming temperatures, reduced pressures, and greater capability to be formed into complex shapes.
Bosses and ribs are generally asymmetrical elements to the axis of a part's principal shape. A boss is a relatively short, often cylindrical protrusion or projection on the surface of a forging, while a rib is a thin protuberance used to provide flexural strength to a forging. Bosses and ribs are often required in the housings of electrical and electronic appliances: the former is used for the connection to other parts, and the latter is used to position or separate the parts. At present, deep drawing has already been commercialized in forming the housings of electronic appliances.
1) However, it is impossible to form the bosses and ribs by deep drawing only. To form various parts of magnesium alloys, methods to fabricate plate-or sheet-form parts with ribs and/or bosses need to be developed, and forging is one of the promising methods to accomplish this. [2] [3] [4] [5] [6] [7] [8] The authors have already successfully fabricated plate-form parts with a boss in magnesium alloys by superplastic forging. 9, 10) One of the principal types of defect in closed-die forging is extrusion-type defects, 11) which are formed when centrally located ribs and bosses, formed by extrusion-type flow, draw too much metal from the main body of the forging. Conical or valley-like surface defects may be formed for bosses or ribs, respectively, which results in poor quality of the surface appearance in the case of electrical and electronic appliances. In order to use forged parts with bosses and/or ribs for the housings of mobile electric products, the formation of extrusion-type defects must be avoided.
Extrusion-type defects are related to the velocity field distribution of deforming metal, and they may be avoided by proper die design, preform design, and choice of lubrication system. 11) Conventional methods of minimizing the occurrence of these defects include increasing the thickness of the main body or designing the forging with a small rib opposite the larger rib. 11, 12) However, these measures are inappropriate in some cases because they restrict the extent of the industrial design of the products. Our preliminary experiments on rib forging using a magnesium alloy sheet revealed that the extrusion-type defect can be suppressed by increasing the thickness of the main body or by decreasing the width of the rib. However, the combination of the thickness of the main body and the width of the rib for producing a defect-free part was insufficient from the industrial point of view. In such a case, control of friction through lubrication would be an important aspect of production. 11) In the present study, closed-die forging was performed using a superplastic magnesium alloy in order to form a sheet-form part with ribs. The authors tried to control the velocity field distribution during forging by means of an appropriate choice of lubrication system to suppress the extrusion-type defects after forging with the aid of computer simulation.
Material
The material used in the present study was Mg-3 mass%Al-1 mass%Zn alloy, AZ31. The alloy was received in the form of rolled sheets with a thickness of 0.8 mm. The grain size of the as-received alloy was 6 mm. This alloy was so selected as to exhibit high-strain-rate superplasticity at $623 K, where the rib forging will be conducted: the grain size of the alloy required was determined according to the formability domain map of AZ31 alloy. 8) 3. Rib Forging
Outline of rib forging
Forging of a sheet-form part with three ribs on one side was accomplished using a servo press machine. The schematic configuration of the workpiece and dies is shown in Fig. 1 . The workpieces taken from the as-rolled sheets were squares with 32-mm sides. Middle dies were used to constrain the workpiece at its periphery. The lower die was 45 mm wide by 65 mm long and had three straight rectangular grooves where the ribs were formed. The grooves had a width of 0.5 mm and a depth of 2 mm at intervals of 10 mm. The interval was designed so that the existence of the neighboring ribs would have little effect on the metal-flow near the concerned rib. The ribs to be formed were much higher than the original sheet thickness. The shape and size of the part matched those of the structural parts required for actual cellular phones. The surface roughness (maximum height roughness) of the dies, as measured by a laser microscope, was 1.5 mm.
The forging tests were conducted at 623 K at a constant press speed of 0.005 mm/s. The dies were pre-heated to the desired processing temperature. The workpiece was introduced into the apparatus, where it was allowed to reach the desired processing temperature. The forging process was terminated when the load increase became so steep as to indicate the lower die had been completely filled.
For the purpose of reducing friction, molybdenum disulfide (MoS 2 ) was applied by air spraying; it formed a dry film of $6 mg/cm 2 on the die surfaces. In the rib forging, two frictional conditions were examined. One was the case in which all surfaces of the workpiece subject to friction were lubricated by MoS 2 (hereafter, denoted as the lubricated condition). The other frictional condition was the case in which no lubricants were applied to the interface between the upper die and the workpiece. In this case, the interface between the lower die and the workpiece was lubricated by MoS 2 as shown in the side view in Fig. 1 (hereafter, denoted as the unlubricated condition).
Results of forging tests
Forging tests at a temperature of 623 K revealed that sheets were completely formed into parts with ribs, irrespective of frictional conditions. No macroscopic surface defects were seen in the rib region. In addition, for both frictional conditions, reproduction of fine detail appears to be good in the rib region, as evidenced by the reproduction of the size of the forgings measured by a vernier caliper. No cracks or cavities can be seen by optical microscopy in the interior of the ribs, either.
By contrast, the difference in the surface profile in the forging plane (opposite side of the rib), where the workpiece had been in contact with the upper die, was apparent depending on the frictional conditions. The cross section of the part formed under the lubricated condition is shown in Fig. 2 ; a valley-like defect was formed in the forging plane along the ribs. On the other hand, under the unlubricated condition, the surface of the forging plane was flat even after deformation. A typical example of the surface profiles around the rib, which were measured using a laser displacement sensor, is shown in Fig. 3 for the lubricated and unlubricated conditions. The maximum depth of the surface defect was approximately 100 mm under the lubricated condition, whereas it was less than 15 mm under the unlubricated condition. It was experimentally confirmed that the extrusion-type defect could be suppressed by changing the frictional conditions, though the ribs were much higher than the original sheet thickness. We believe this was caused by the change in velocity field distribution of the deforming material, and we Suppression of macroscopic defects in a forged magnesium alloy part with ribs 899 confirmed our hypothesis by computer simulation, as described in the following sections.
Modeling of computer simulation of rib forging
Recently, Chung et al. [13] [14] [15] reported that high-strain plastic deformation, such as equal-channel-angular extrusion and double shear extrusion, could be visualized using a commercial finite-controlled volume method (FVM) code. Therefore, in the present study, rib forging was analyzed using the FVM method code of MSC.SuperForge 16) in order to visualize the velocity field distribution.
The flow behavior of virtual material was determined based on the tensile tests of AZ31 alloy. The governing equation for flow used in the computer simulation was given by
where S is the minimum yield stress (set to 43 MPa 15) ), C is the yield constant, m is the strain rate sensitivity exponent of flow stress and _ " " is the strain rate. The m-value was assumed to be 0.5 throughout deformation. 15) The values of C at a given strain at 623 K are listed in Table 1 . Any strain beyond the input value was calculated automatically from the closest value with extrapolation.
Calculation was carried out only for the area around the center rib, as shown in Fig. 1 . In the simulation, the sizes of the workpiece and dies were taken as 100 times larger than those of the experimental ones, and the press speed was also set to 100 times faster than the experimental press speed. This is because when the size and speed adopted in the rib forging tests were input, the calculation was terminated because of overflow.
In the present study, friction factor, M, was used to describe the friction between the dies and the workpiece in the simulation, and it was experimentally determined. The procedure for determining it is explained in the Appendix. According to the experiments, the M-value at a temperature of 623 K was set to 0.2 to simulate the case in which the workpiece/dies interface was lubricated by MoS 2 and to 0.8 to simulate the case in which no lubricants were applied to the workpiece/dies interface.
Results of computer simulation of rib forging
The velocity field distributions of the deforming material around the base of the rib at 75% of processing step are shown in Fig. 4 for (a) the lubricated condition and (b) the unlubricated condition. Metal-flow basically consisted of two types for both frictional conditions: flow parallel to the direction of upper die motion occurs in the rib region and at the base of the rib, and flow perpendicular to the direction of upper die motion occurs in the main body at a distance from the base of the rib. The fastest velocity occurred in the rib region for both frictional conditions. Under the unlubricated condition, a low-velocity region was observed throughout the forging plane. In addition, under the unlubricated condition, the velocity at the interface between the upper die and the workpiece was smaller than that at the interface between the lower die and the workpiece, owing to the high friction in the forging plane. Similarly, a comparison of Figs. 4 (a) and (b) showed that high friction retards the flow of metal near the forging plane; the velocity in the forging plane under the unlubricated condition was apparently lower than that under the lubricated condition. The results showed that the centrally located ribs drew less metal from the main body when the interface between the upper die and the workpiece was not lubricated.
Conclusions
Forging of a sheet-form part with three ribs was performed by closed-die forging using a superplastic magnesium alloy, AZ31. The shape and size of the part matched the structural parts required for actual cellular phones. A macroscopic extrusion-type defect was observed in the forging plane under improper lubrication conditions. It was suggested from the analysis of the velocity field distribution of the deforming material that the occurrence of the defect can be suppressed by the control of frictional conditions at the workpiece/dies interface, and this conclusion was experimentally confirmed: a part with good surface quality could be formed by means of the appropriate choice of lubrication system. Since defects commonly limit deformation in the forging process, the method proposed in the present study would allow a variety of industrial designs of closed-die forged parts. Suppression of macroscopic defects in a forged magnesium alloy part with ribs 901
